We calculate the emission of gravitational waves, gravitons, photons and neutrinos from a perturbed Schwarzschild blackhole (BH). The perturbation can be due to either classical or quantum sources and therefore the injected energy can be either positive or negative. The emission can be classical in nature, as in the case of gravitational waves, or of quantum nature, for gravitons and the additional fields. We first set up the theoretical framework for calculating the emission by treating the case of a minimally-coupled scalar field and then present the results for the other fields. We perform the calculations in the horizon-locking gauge in which the BH horizon is deformed, following similar calculations of tidal deformations of BH horizons. The classical emission can be interpreted as due to a partial exposure of a non-empty BH interior, while the the quantum emission can be interpreted as an increased Hawking radiation flux due to the partial exposure of the BH interior. The degree of exposure of the BH interior is proportional to the magnitude of the injected null energy.
Introduction
Black-Holes (BHs) are well understood in the framework of general relativity (GR) where their semi-classical properties in the exterior region have been successfully described using the formalism of quantum fields in curved spacetime. In contrast, their quantum nature, in particular, quantum effects in the vicinity of the horizon, have not yet been fully understood and are inconsistent with their classical GR description. For a review, see, for example, [1, 2] .
Hawking [3] considered BHs in equilibrium and demonstrated that BHs emit particles as if they were a thermal body with a temperature T H that is inversely proportional to their mass M . The established method of studying quantum BHs is the semi-classical approach, in which the background gravitational field is fixed and matter fields are quantized about this fixed background. The quantization of matter fields in Schwarzschild spacetime and particularly the vacuum expectation value (VEV) of the stress energy momentum (SEM) tensor was calculated in [4, 5, 6, 7, 8, 9, 10] . The inherent divergence of the VEV in curved space was resolved by applying an appropriate regularization technique. These results emphasize that creation of particles in curved space is a vacuum phenomenon: virtual particles gain sufficient energy from the background so as to become real.
Here, our main objective is to examine the properties of BHs by examining their emission when they are away from equilibrium. This is achieved by considering external perturbations to the BH. Specifically, we calculate modifications to Hawking radiation and to gravitational wave emissions. Of particular interest are perturbations that deform the BH horizon, thus al-lowing it to be deformed inwards. In general, these require absorption of some negative null energy by the BH and therefore are likely to result from quantum processes. However, some regions of the BH horizon can be deformed inwards if the total injected nukk energy is small. We show that, unlike the gravitational perturbations in classical GR, where radiation can only be emitted from a Schwarzschild BH in the form of gravitational waves, in the quantum case, due to coupling of the background metric to the various matter fields and their non-zero VEV of the SEM tensor, gravitational perturbations produce additional particle species. However, the rate of such particle production is small. The paper is organized as follows, in the first part we establish the theoretical framework for evaluating the quantum emission from perturbed BHs.
We derive an explicit expression for the radiated power by using the path integral approach and show that it coincides with the Euclidean partition function approach. In the second part we outline the classical setup that describes the deformed horizon geometry of BH in the presence of external perturbation and determine their corresponding metric perturbation. In the third part we apply the theoretical framework and calculate the quantum emission for various particle species. The classical emission is calculated by following the relevant discussions on tidal deformations in the literature.
Next, we compare the results and discuss their relative magnitude in the context of horizon deformations. We find that the relative magnitude is controlled by the BH entropy and by the time scale of the emission. The factor involving the time scale can, in some cases provide a significant enhancement in the emitted flux. Then, we interpret the increased flux in terms of an ex-ternal observer and a non-empty BH. In the final part, we summarize our result and discuss their significance. In an appendix, for completeness, we explain in detail the relationship between our discussion of tidal deformations and the existing discussions in the literature.
Emission from perturbed blackholes
In this section we present the formalism for describing how external perturbations modify the vacuum state of quantum fields outside the BH. The modified state is time-dependent and so, according to standard arguments, particle production occurs.
First, we consider the simple case of a minimally-coupled, massless scalar field, whose equations of motion are given by g ab ∇ a ∇ b φ = 0, where g ab is the unperturbed background Schwarzschild metric. In the absence of perturbations, when the field is in its vacuum state, the vacuum persistence amplitude
, is given in terms of an effective action,
where the scalar fields action is given by
In general, in curved spacetime the "in" and "out" vacuum states are distinct.
So, even in the absence of perturbations, particles are produced.
To investigate the influence of perturbations on the vacuum state, we consider a finite-duration small perturbation to the background Schwarzschild metric. The perturbation is switched on at some early time t i and switched off at some later time t f . So, the metric changes from g ab to g ab + h ab . The scalar field action variation is related to stress-energy-momentum tensor,
where T ab is the SEM tensor of the minimally coupled field given by
The perturbation makes the generating functional time dependent. The timedependent generating functional Z[h] depends on the metric perturbation
can be regarded as the generating functional in the presence of a driving source term h ab and is written as follows,
In addition, using the definition of the effective action out, 0|0, in = e iW , Eq. (2.5) can be expressed as follows
The expansion of Z[h] to first order in h ab reads [5, 6] , and the widely used covariant geodesic point separation [7, 8, 9, 10] , which we use in the following.
It will be convenient to work in the interaction picture, assigning the explicit time-dependence of the "in" state to the corresponding operator,
In this form, we identify the time-evolution operator U (t, 0)|0, in = |0, in t , and the energy difference ∆E between the states |0, in and |0, in t ,
Equation (2.9) can also derived by using the Euclidean partition func- 
where ∆L is the luminosity difference between the stationary and the timedependent state. Moreover, by identifying the Hawking luminosity as
Where h tr (R lm ) = h tr (r) r→R 2m is the value that the metric perturbation takes about the deformed horizon.
In the following, we outline the perturbative treatment and specify the metric perturbation that describes geometric deviations of the BH horizon away from, but near, equilibrium.
Classical setup
As previously mentioned, our interest is in the emitted radiation from BHs that are out of equilibrium. BHs out of equilibrium were discussed in the context of studying tidally deformed BHs. There, the perturbations are described in the horizon-locking gauge [11, 12, 13, 14, 15] . We have adopted this framework for our purposes. We first outline some of the main ideas and then discuss the detailed calculations and results.
Background
Originally, the dynamics of BH undergoing tidal deformations was described by Thorne and Hartle [16] and later elaborated by Alvi [17] , Hughes [15] and Poisson [11, 12, 14, 18] who describes in great detail the geometry of a deformed BH horizon as a result of tidal gravitational perturbation. The idea is that the spcetime of a non-rotating BH is deformed by a weak tidal interaction produced by an external moving object. This environment is characterized by the radius of curvature R, which can be considered as the region in space where the BH gravitational field interacts with the objects tidal field. To guarantee a weak gravitational interaction, it is assumed that the Schwarzschild BH with mass M and radius R S = 2GM satisfies R S R.
For example, consider a binary system that consists of a BH and an external object with mass M , the relative distance between them is b. Then, the radius of curvature is given by
, which is of order of the BH's angular velocity, which also determines the typical interaction scale.
The important aspect is that the tidal field induces a modification to the BH gravitational field in a region r R. So, perturbation about the background geometry are expanded in powers of the dimensionless parameter r/R 1.
For a more detailed description we refer the readers to Appendix A, and to reference [13] . In the following section, in analogy with Poisson's results, we present a general framework for constructing the geometry of deformed horizons.
Deformed horizon geometry
As previously mentioned, we are interested in perturbations that describe a horizon deformation of BHs near their equilibrium state. Astrophysical BHs relaxing to equilibrium can originate from a various astronomical events such as a BH that is immersed in an external gravitational field induced by an external source or by inspiralling compact binaries [12] - [19] , or by a binary post-merger event in its ringdown stage [20, 21] . Here the specific details of these events are not important, instead we are interested in the general description of the horizon deformation.
The idea is that an external GR observer can describe the near horizon geometry of a deformed BH relaxing to equilibrium in the horizon-locking coordinate system. In this gauge, the horizon position is "locked" at r = R S , such that h(R S ) = 0 up to some higher-order correction in the perturbation strength. Then the perturbed geometry is interpreted in terms of a per-turbation in the associated Ricci curvature. Alternatively, the deviation in the scalar curvature can be converted into a deviation of the BH outer sur-
face. An external observer can interpret the perturbation as the geometrical deviation of the BH outer surface horizon from its unperturbed location at r = R S [13, 15] . This is depicted in Fig. 1 for some specific perturbations.
In general, outward and inward deviations of the BH surface with respect to its unperturbed horizon R S can be identified as the injection of some average positive and negative null energy, respectively.
To determine the deformed horizon geometry, the BH outer surface position is parameterized about a three-dimensional Euclidean space as measured 
This is illustrated in Fig. 1 for some l, m modes. As stated, this parametrization defines the BH surface in a three-dimensional Euclidean space. The surface curvature associated with the above parametric equation is given by
where the Y lm are defined as a real functions (see Appendix A, Eq. (A.10)).
To proceed, we identify the surface curvature with the Ricci curvature of the deformed horizon geometry. Then, since the only information that we have is about the surface curvature, we have some gauge freedom in determining uniquely the near-horizon geometry. In [11, 12] it is shown that there exist a unique choice of coordinates that satisfies the geometrical properties mentioned above, the "horizon locking" coordinate system. The "horizon locking" metric perturbation in defined about the Schwarzschild background in the outgoing EF coordinates whose line element is given by
where f (r) = 1 − 2M/r. The metric perturbation is given as an expansion in the dimensionless horizon displacement parameter D < 1. Here we give only the first non-vanishing term which is of order D. This term, as explained in Appendix A and also in [11] , is the contribution of the quadrupole moment l = 2. The higher-order terms are the octupole moment l = 3 of order 
Now, when the theoretical framework for the evaluation of the classical and quantum emission is established, we are able to perform the desired calculations.
Results
Here, we begin with the results that describe the classical gravitational wave emission from a perturbed Schwarzschild BH. We then proceed to calculate the quantum emission of fields with different spin: minimally-coupled conformal scalar fields, electromagnetic fields, neutrino fields and graviton fields.
This emphasizes that the framework for the classical and quantum emission is similar while demonstrating the fact that unlike the classical emission, in the case of quantum emission, all matter fields are produced.
Quadrupole emission
The deformation of the Schwarzschild BH horizon is given in Eq. (4.1) and its associated background perturbation in Eq. (4.4). This deformation leads to a non-vanishing time-dependent quadrupole moment as we now explain.
The time-dependent geometric deviation results in a time-dependent excess energy density ρ(t, r). This leads to a time-varying quadrupole moment
, which in turn sources a gravitational-wave emission.
It is possible to express the stress-tensor of the gravitational energy and its radiation power in the standard form P ∼ ... Q ab ... Q ab . This can be estimated directly by noting that Q ∼ M 3 . As explained in Appendix A, we assume that the induced gravitational field is slowly varying, then its rate of change
Detailed calculations of the classical emission from a BH undergoing tidal deformations are found at [11, 16] . The final result for the emitted power of gravitational energy, or alternatively the rate in which the BH losses its mass, is expressed in terms of the dimensionless displacement quantity D, and takes the from The total energy loss in a characteristics time interval ∆t is ∆E = P ∆t
In the models that were considered in [22] 
Increased quantum flux
To begin, we specify the quantities in the expression for the radiated energy flux, Eq. (2.10), recalling that we are interested in the emitted power from the deformed horizon.
The flux components of the RSEM tensor are evaluated in EF coordinates about the Unruh vacuum state, which describes an outward thermal flux at infinity. Then, the flux term is given by T uu − T vv = 2T tr so the Hawking luminosity for a field of a given spin is defined as L s H = 4πr 2 T tr s ren . The explicit expression for the RSEM tensor of a stationary Schwarzschild BH is given by [23] ,
with T H = 1/(8πM ) being the Hawking temperature 3 . The numerical factorᾱ s depends on the spin of the excited fields and is determined by the transmission coefficient through potential barrier [24] . Eq. 
Finally, we calculate the additional radiation power emanating from the deformed horizon. According to Eq. (4.1) the BH outer surface is located at
, then the BH surface luminosity is given by
which eventually yields 
In addition, we can also estimate the modified Hawking temperature by using Eq. (4.7) and assuming that the perturbed BH emits an approximately thermal spectrum. Then the emission is approximately that of a black-body.
The modified luminosity L = L H + ∆L, can be evaluated using Eq. (4.7),
T 2 , where T is the modified Hawking temperature of the BH surface.
From Eq. (4.10)
so T is given by 14) where ∆T = T − T H . The modified BH temperature is seen no to depend on the sign of D, which implies that inward or outward surface deviations Eq. (4.1) resulted in an increase of the BH temperature.
To get more insight about the results, it will be instructive to compare between the the classical and the quantum emissions, in Eq. (4.5) and
Eq. (4.11), respectively,
The appearance of a quantum suppression factor 1/S BH can be explained as follows. Classically an unperturbed BH has energy mass of E = M , also, the energy scale that is associated with its quantum properties is the BH temperature T H = 1/R S . Then, in analogy with the comparison of the classical to quantum emission Eq. (4.15), their ratio for an unperturbed BH yields
Therefore, we should expect a suppression factor of order 1/S BH to appear in Eq. (4.15). However, note the additional factor (∆t/T S ) 2 which, for large ∆t T S , may significantly increase the relative magnitude in Eq. (4.15).
Here, ∆t is left unspecified and depends on the details of the underlying mechanism that drives the BH horizon deformations. For example, we can consider the setup of horizon deformations that are induced by an external remote moving object, and are given in Section (3.1) and also in the Appendix A. The characteristic time scale is ∆t ∼ T S /D 1/2 , then the ratio exhibits
To interpret that we recall that the radial horizon displacement is given by ∆R S = DR S , then for small deviations with D 1 we argue that in BH relaxing to equilibrium, the ratio Eq. 
Summary and Discussion
In this paper we calculated the emission from a perturbed Schwarzschild BH.
The perturbations could be of classical or quantum origin . We established a theoretical framework for calculating the emission for the different kinds of quantum fields by using the semi-classical approach. We showed that in the quantum case there exists a non-trivial gravity-matter coupling term of the form h ab T ab . Since all matter fields are coupled to the metric perturbation trough their SEM tensor, then all particle species are produced. This was demonstrated explicitly in the emission formula Eq. (2.10). In contrast, in the classical GR treatment, the radiation from BHs undergoing horizon deformations is emitted only in the from of gravitational waves. We also stress that such a coupling term is absent in the absence of a perturbation, because for Schwarzschild BHs T ab = 0 for all matter fields. This discussion highlights the difference between the underlying mechanism that provides the source of energy in the classical case and that in the quantum case. In the classical case, the emission originates from the geometrical properties of the scalar curvature and its associated perturbed metric, which eventually constitute the gravitational SEM tensor of the emitted radiation, T ab ∼ḣ 2 ab . In the quantum case, the source term is the vacuum fluctuation of the matter fields RSEM tensor that is coupled to the perturbed background h ab .
Subsequently, in section (4.2), we calculated explicitly the emission of the minimally coupled scalar fields, neutrinos, photons and graviton fields. We find that the flux is always positive, independently on the sign of the deformation parameter D, and independent on whether the BH outer surface protrudes outward or inward. Then, by assuming that the emission is approximately that of a black-body, we interpreted the additional flux in terms of the BH surface temperature and find the modification to the Hawking temperature. Similarly, the modification was found to be independent on the sign of the horizon displacement parameter D. Later, considering the results of the classical emission we compare the classical and quantum results for the BH luminosity, we conclude that the ratio is controlled by the BH entropy 1/S BH and also by the ratio ∆t/T S which, in some setup could provide significant enhancement factor in Eq. (4.15).
As explained in Section (3.2), an external observer can describe the near horizon geometry of a deformed BH in the horizon locking coordinate system. This means that the horizon position is locked at r = R S , such that h(R S ) = 0. In this gauge, the perturbed geometry is interpreted in terms of a perturbation in the associated scalar curvature. Alternatively, the change of the Ricci scalar can be describes as the deformation of the BH outer horizon with respect to its unperturbed horizon at r = R S , as shown in Fig. 1 . An external GR observer using the horizon locking coordinate system cannot distinguish classically between a perturbed and an unperturbed BH. However, if she measures the temperature of the unperturbed BH, the result will be T H and if she measures the temperature of the perturbed BH, then according to Eq. (4.14), she will find a different temperature. A possible explanation that the GR observer can provide for the temperature difference is that there must be additional energy flux originating from the BH interior. Therefore she may deduce that the BH interior is not empty.
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A Gravitational setup
In this appendix we explain in detail the connection of tidal deformations to the discussion that is given in Section (3.1). The discussion follows [11, 12, 14] . Similar discussions are also presented in [15, 16, 17] .
To begin, we consider the perturbatons in the horizon-locking gauge about the Schwarzschild backgrouns in the outgoing Eddington-Finkelstein (EF) coordinates. The line element is given by
were f (r) = 1 − 2M/r. The metric perturbation h µν is given as an expansion in r/R where R is the radius of curvature. The scale R defines the region in space where the BH gravitational field interacts with the tidal field of an external object. As explained in Section (3.1), to guarantee a weak gravitational interaction, the Schwarzschild radius R S of the BH must satisfy R S R. For the case of a binary system, where the external object has mass M and the separation distance is b, the radius of curvature is given by
. This is illustrated in Fig. 2 . Here, we list the leading terms which is second order in r/R. Then, by imposing the proper gauge conditions, in the vicinity of the BH the metric perturbation takes the form
where the C 2m , C We later define the appropriate scalar harmonics. The definition of the vector and tensor harmonics is given in [11] and is not relevant to our purpose, since, as previously mentioned, they do not contribute to the emitted flux.
The perturbation strength scales as C ∼ B ∼ R −2 . The contribution of the higher-order terms: the octupole moments that scales as r 3 /R 3 and the hexadecapole moments that scales as r 4 /R 4 are smaller than the quadrupole moments that scales as r 2 /R 2 . We therefore consider only the contribution of the quadrupole term l = 2. In the limit r/R → 0, while keeping M/r fixed, the metric perturbation vanishes.
One could also define the dimensionless parameters
where the C, B denote the expansion parameter of the metric perturbation.
The parameter D can be viewed as the expansion parameter in the vicinity of the horizon r ∼ M . It is related to the tidal fields by D = CM 2 /r 2 and, as we show below, it is useful for the description of the horizon deformation.
The scalar harmonics of the tidal fields are defined by
where C * ∼ R −2 and its exact value is determined by defining the components of the Weyl tensor [11] . For the purpose of this work it is unnecessary to specify them further, since our interest is in the region 2M < r < r max , where r max R Fig. 2 . Then, the construction of the Weyl tensor and its associated tidal fields will only indicate how small is the ratio C ∼ r 2 /R 2
1.
The important point is that this region is finite and the perturbative description in Eqs. (A.2)-(A.5) is valid only for r < r max . In addition, it is shown in [18, 17] that in regions where r max < r < R the metric takes the form of post-Newtonian expansion, such that the induced corrections to the BH spacetime are significantly smaller than those that are given at Eqs. (A.2)-(A.5). Therefore, one is mainly interested in the region R S < r < r max .
The spherical harmonics listed above are defined as the real part of the Y 2m , In accordance with the above relations, we now wish to express the horizon shift ∆R as the result of the tidal deformation described by the metric perturbation. As explained in Section (3.2) the explicit expression of the Ricci scalar [13] , is given by The BH horizon radial deviation, following [13, 15] is given by
The radial shift ∆R 2m = R 2m − R S then reads
(A.14)
So the BH horizon extends from its original unperturbed location up to a distance scale that is determined by the factor ∆R s /R s = − D.
We can now identify D with the horizon displacement parameter D in Eq. (4.1), D 2m = −D 2m . Which establishes the connection between the description in Section (3.2) and the original setup of the tidal deformation.
